RECEIVER BASED DECISION FEEDBACK 
EQUALIZATION CIRCUITRY AND TECHNIQUES 



BACKGROUND OF THE INVENTION 

This invention relates to systems and techniques that are used to enhance the 
5 performance of data communication systems; and more particularly, in one aspect, to 
enhance the perfomnance of data communication systems (for example, communication 
systems implemented in wired type environments such as microstrip, stripline, printed 
circuit board (e.g., a backplane) and cable using receiver based equalization. 

Communications systems are continuing to increase the rate at which data is 
1 0 transmitted between devices. The increase in data rate presents a challenge to maintain, 
enhance or optimize the ability to recover the transmitted signal and thereby the information 
contained therein. In general, increasing the rate of transfer of data tends to adversely 
impact the fidelity of the communications. 

A technique to address that impact on the communications is to employ equalization 
15 circuitry in, for example, the transmitter, receiver, or both the transmitter and receiver. 
Such circuitry typically "compensates" for the intersymbol interference (ISI) introduced by 
transmission channel artifacts as well as by modulation, pulse shaping and receiver based 
circuitry in the communications path. Where the equalization circuitry is implemented in the 
receiver, it often takes the form of a decision feedback equalization. 

20 Decision feedback equalization employs, among other things, "historical" data 

samples to compensate for ISI. In this regard, with reference to FIGURE 1, in general. 

Page 1 



typical decision feedback equalization circuitry, after sampling data using a slicer or 
amplifier and making a decision on the value of the sample, applies the decision to a series 
of delay stages, each stage having an output that is weighted and summed with the other 
stages (See, for example, U.S. Patent 4,583,234). The sum is added to the then incoming 
5 data. The number of delay stages dictates the amount of "historical" or previous data 
samples that are incorporated into the feedback to compensate for ISI. 

There are many types or implementations of decision feedback equalization. (See, 
for example, U.S. Patents 6,249,544 and 6.252,904, and U.S. Patent Application 
Publications 2002/0172276 and 2003/0016770). Conventional decision feedback 
1 0 equalization circuitry is typically quite complicated to implement as well as computationally 
intensive. As such, the implementation of conventional decision feedback equalization is 
often difficult and expensive. 

There is a need for a system and technique to overcome the shortcomings of one, 
some or all of the conventional systems, decision feedback equalization circuitry and 
15 techniques implementing receiver based equalization circuitry. In this regard, there is a 
need for an improved decision based equalization circuitry to "compensate" for the 
intersymbol interference that is less complicated and expensive than conventional circuitry 
and techniques. 



SUMMARY OF THE INVENTION 

20 There are many inventions described and illustrated herein. In a first principal 

aspect, the present invention is an equalization circuit to receive a plurality of input symbols 
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and to generate an output signal wherein the output signal is representative of a 
transmitted symbol. The equalization circuit includes a first data slicer having a first input 
that is adapted to receive the plurality of input symbols and a second input that is adapted 
to receive a first slicer level. The first data slicer outputs a first or second value based on 
5 the amplitude of the input symbol relative to the first slicer level. The equalization circuit 
also includes a second data slicer having a first input to receive the plurality of input 
symbols and a second input adapted to receive a second slicer level. The second data 
slicer outputs the first or second value based on the amplitude of the input symbol relative 
to the second slicer level. 

10 The equalization circuit further includes logic circuitry, coupled to the first and 

second data slicers, to output a signal having either a first or second logic level wherein if 
the data slicers output the same value, the logic circuitry outputs the logic level that is 
associated with the value output by the data slicers; and if the data slicers output different 
values, the logic circuitry outputs the complement of the logic level of the immediately 

1 5 preceding input symbol. 

In one embodiment, the first and second data slicers each include at least one 
voltage comparator. In another embodiment, the first and second data slicers each include 
a plurality of serially coupled sense amplifiers. 

The equalization circuit may also include adaptive circuitry, coupled to the first data 
20 slicer, to determine the first slicer level during operation of the equalization circuit and to 
provide the first slicer level to the first data slicer. 

In another principal aspect, the present invention is a receiver to receive a plurality of 
input symbols transmitted by a transmitter, and to generate an output signal that is 
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representative of each transmitted symbol. The receiver includes equalization circuitry 
having a first data slicer and a second data slicer. The first data slicer includes a first input 
that receives the plurality of input symbols and a second input that receives a first slicer 
level. The first data slicer outputs a first or second value based on the amplitude of the 
5 input symbol relative to the first slicer level. 

The second data slicer includes a first input to receive the plurality of input symbols 
and a second input adapted to receive a second slicer level. The second data slicer 
outputs the first or second value based on the amplitude of the input symbol relative to the 
second slicer level. 

10 The equalization circuitry further includes logic circuitry, coupled to the first and 

second data slicers, to output a signal having either a first or second logic level wherein if 
the data slicers output the same value, the logic circuitry outputs the logic level that is 
associated with the value output by the data slicers; and if the data slicers output different 
values, the logic circuitry outputs the complement of the logic level of the immediately 

1 5 preceding input symbol. 

The receiver of this aspect of the invention also includes memory, coupled to the 
second input of each data slicers. The memory stores information which is representative 
of the first and second slicer levels. 

In one embodiment, the receiver may include adaptive circuitry, coupled to the 
20 second input of each data slicers, to adjust the first and/or second slicer levels in 
accordance with the performance of the receiver or to change the first and/or second data 
slicer level based on an upper edge and a lower edge of a receive eye of the first and/or 
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second data slicer. Margining circuitry may be employed to determine the upper inner 
edge and the lower inner edge of the receive eye of the first and/or second data slicer. 

In one embodiment, the margining circuitry includes a margining slicer having a first 
input adapted to receive the plurality of input symbols and a second input adapted to 
5 receive a margining slicer level. The margining slicer outputs a first or second value based 
on the amplitude of the input symbol relative to the margining slicer level. 

The margining circuitry may also include reference level adjustment circuitry to 
generate the margining slicer level. In one embodiment, the reference level adjustment 
circuitry generates margining slicer levels that vary according to a margining algorithm. 

10 The receiver may also include phase detection circuitry including first and second 

phase slicers. Each phase slicer includes a plurality of inputs, wherein a first input of each 
phase slicer is adapted to receive the plurality of input symbols. A second input of the first 
phase slicer is adapted to receive a first slicer level, wherein the first data slicer outputs a 
first or second value based on the amplitude of the input symbol relative to the first slicer 

1 5 level. A second input of the second phase slicer is adapted to receive a second slicer level, 
wherein the second data slicer outputs the first or second value based on the amplitude of 
the input symbol relative to the second slicer level. 

Margining circuitry may be employed to measure the value of an error signal of a 
phase sampling point. Adaptive circuitry, which is coupled to margining circuitry and the 
20 second input of the first slicer, may change the first slicer level based on the value of the 
error signal. 
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As mentioned above, the margining circuitry may include a margining slicer having a 
first input adapted to receive the plurality of input symbols and a second input adapted to 
receive a margining slicer level. The margining slicer outputs a first or second value based 
on the amplitude of the input symbol relative to the margining slicer level. 



5 BRIEF DESCRIPTION OF THE DRAWINGS 

In the course of the detailed description to follow, reference will be made to the 
attached drawings. These drawings show different aspects of the present invention and, 
where appropriate, reference numerals illustrating like stmctures, components, materials 
and/or elements in different figures are labeled similarly. It is understood that various 
1 0 combinations of the structures, components, materials and/or elements, other than those 
specifically shown, are contemplated and are within the scope of the present invention. 

FIGURE 1 is a block diagram representation of a prior art decision feedback 
equalization topology; 

FIGURE 2A is a block diagram representation of an exemplary communications 
1 5 system including a transmitter and a receiver; 

FIGURE 2B is a block diagram representation of transmitter/receiver pairs of an 
exemplary communications system; 

FIGURE 3A is a block diagram representation of a decision feedback equalization 
topology, including two slicers and data samples (Xi and X2), according to one aspect of 
20 the present invention; 
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FIGURE 3B is a block diagram representation of a phase detection circuitry, 
including three siicers and phase samples (Xi i, X12 and X13), according to one aspect of the 
present invention; 

FIGURE 3C Is a block diagram representation of an overview of one embodiment of 
5 a phase detection, decision feedback and clock alignment topology, including the phase 
detection and decision feedback circuitry, according to an aspect of the present invention; 

FIGURES 4A- 4C are block diagram representations of the logic circuitry, illustrated 
in FIGURES 3A, 9A, 9B and 10 according to various aspects of the present invention; 

FIGURES 5A-5D illustrate flowcharts of exemplary processes performed by the logic 
10 circuitry (and logic) of FIGURES 3A, 4A, 4B, 9A, 98 and 10 (and other embodiments 
described and illustrated herein); 

FIGURES 6A-6F illustrate techniques and circuitry to provide reference or slicer level 
information to the decision feedback equalization circuitry of FIGURES 3A, 4A, 48, 9A, 98 
and 10, according to various aspects of the present invention; 
1 5 FIGURE 7 illustrates margining circuitry, used in conjunction with adaptive circuitry 

and techniques, according to various aspects of the present invention; 

FIGURES 8A-8D illustrate receive "eye" diagrams in conjunction with margining or 
adaptation techniques, according to various aspects of the present invention; 

FIGURE 9A is an illustration of a decision feedback equalization topology, including 
20 four siicers and data samples (Xi to X4), according to an aspect of the present invention; 

FIGURE 98 is an illustration of a decision feedback equalization topology, including 
"n" number of siicers and data samples (Xi to Xn), according to an aspect of the present 
invention; 
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FIGURE 1 0 illustrates one of many alternative implementations or topologies of the 
decision feedback equalization circuitry of the present invention; and 

FIGURES 1 1 A-1 1 E illustrate flowcharts of exemplary processes of the logic circuitry, 
in conjunction with the various techniques of providing reference or slicer level infonnation, 
5 according to various aspects of the present invention. 

DETAILED DESCRIPTION 

There are many inventions described and illustrated herein. In one aspect, the 
present invention is directed to a technique of, and circuitry and system for enhancing the 
performance of data communication systems using receiver based decision feedback 

1 0 equalization circuitry. In one embodiment, the equalization circuitry and technique employs 
a plurality of data slicers (for example, a set of two) to receive an analog input and output a 
binary value based on a reference or slicer level and a plurality of phase slicers (for 
example, a set of three) sampling a half symbol interval offset in time from the data slicers 
for timing recovery. The output of the data slicers is provided to logic circuitry to detemiine 

15 whether the analog input was a binary or logic high or binary or logic low. In those 
instances where the data slicers "agree" and both indicate either a high or a low, the logic 
circuitry outputs the con'esponding binary value. In those instances where the data slicers 
do not "agree" - that is, where one data slicer indicates the input to be a binary or logic high 
value and the other data slicer indicates the input to be a binary or logic low value, in one 

20 embodiment, the logic circuitry outputs the complement of the previous value or state. In 
another embodiment, the logic circuitry selects the output or state of that slicer that 
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changed the state of its output from the previous sample or output. In yet another 
embodiment, the logic circuitry selects the decision of the data slicer with higher slicer level 
if the previous logic value or state was "high", or selects the decision of the data slicer with 
the lower slicer level if the previous logic value or state was "low". 

5 In one embodiment, the outputs of the plurality of phase slicers and the binary 

decisions (output of the data decision logic circuitry) are provided to phase decision logic 
circuitry where they are used to determine whether the sampling time needs to be 
advanced, delayed or modified with respect to the next nominal sampling instance. The 
data decisions are used to determine if the input signal should be "passing" through one of 
1 0 the phase slicer reference levels. If the data decisions indicate that the input signal is to be 
"passing" through a slicer level with a negative (positive) slope and the phase slicer output 
is positive (negative) then the sampling time is late. If the data decisions indicate that the 
input signal is to be "passing" through a slicer level with a negative (positive) slope and the 
phase slicer output is negative (positive) then the sampling time is early. 

15 In one embodiment, the reference values or slicer levels of two phase slicers are set 

to the same values or levels as the two data slicer reference levels. A third phase slicer 
has a reference value or level of zero (or substantially zero). In another embodiment, the 
reference values or slicer levels of two phase slicers are set to the same as the two data 
slicer reference levels. The reference level of a third phase slicer is set to halfway (or 

20 substantially halfway) between the values or levels of the other phase slicers. 

In yet another embodiment, reference levels or values of two phase slicers are set to 
be proportional to the reference levels of the data slicers and a third phase slicer has a 
reference level of halfway between those levels or values. Indeed, in another embodiment, 
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the reference levels or values of two phase slicers are set to be proportional to the data 
slicer reference levels or values and a third phase slicer has a reference level set to zero 
(or substantially zero). Two phase slicers may also have their reference values set with a 
known offset from the data slicer reference levels and a third phase slicer has a reference 
5 level of halfway between the reference levels of the two phase slicers. 

Moreover, in another embodiment, the reference levels of two phase slicers may be 
set with a known or predetermined offset from the reference levels of the two data slicer. A 
third phase slicer may have a reference level of zero or substantially zero. 

In one embodiment, the output of the phase slicer with the most positive reference 
1 0 level is considered "valid" if the two previous data decisions were logic state high ('1 ') and 
the following data decision is a logic state low ('0'). In this embodiment, the output of the 
phase slicer with the most negative reference level is considered "valid" if the two previous 
data decisions were logic state low ('0') and the following data decision is a logic state high 
('1'). Finally, the output of the phase slicer with the zero reference level is considered 
15 "valid" if (i) the three previous data decisions were logic state high, low, high and the 
following data decision is a logic state low or (ii) the three previous data decisions were 
logic state low, high, low and the following data decision is a logic state high. 

The reference or slicer levels of the data and/or phase slicers may be predetemiined 
based on, for example, user defined data (for example, empirical data of the optimum, 
20 enhanced or desired operating conditions). Those slicer levels may be hardwired to a 
particular value or stored in memory that is permanent, semi-permanent, or programmable 
(for example, programmed before, during or after initialization or power-up). Thus, in one 
set of embodiments, one or more reference or slicer level(s) may be pre-programmed or 
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pre-set, for example, by permanently, semi-permanently or temporarily (i.e., until re- 
programmed) storing information which is representative of the slicer level(s). 

The information which is representative of the reference or slicer level(s) may be 
stored or in, for example an SRAM, DRAM. ROM, PROM or EEPROM or the like (for 
5 example, configuring the state of a certain pin or pins on the package) in or on the receiver. 
In this way, the equalization circuitry may access the memory to retrieve the necessary 
information during start-up/power-up, initialization or re-initialization. The memory used to 
store the information representative of the slicer level(s) may be comprised of discrete 
component(s) or may reside on the integrated circuit upon which the receiver or transceiver 
10 resides. 

In another embodiment, information representative of the reference or slicer level(s) 
may be provided to the equalization circuitry by an operator and/or external device during 
system operation or at start-up/power-up, initialization or re-initialization. In this 
embodiment, an adjustment or control of the slicer level(s) by the equalization circuitry may 

15 be by the operator or an external device via programming either before or during normal 
operation of the receiver and/or system. For example, an operator may provide information 
which is representative of the slicer level(s) in order to change, enhance and/or optimize 
the performance of the receiver and/or system. This information may be the actual slicer 
level(s) or adjustments, modifications and/or changes to be made to the slicer level(s) (i.e., 

20 relative information). Such information may be provided directly to the receiver (to be 
implemented within the equalization circuitry) or to a controller to distribute to the receiver 
and/or set of receivers. In this way, the receiver may employ the slicer levels when 
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determining whether an input is binary or logic high or binary or logic low and for 
determining the phase information. 

In yet another embodiment, the reference or slicer levels may be determined using 
an adaptive process that determines an appropriate, enhanced, optimum and/or superior 

5 slicer level based on predetermined criteria or criterion regarding the operating 
characteristics of the system, transmitter and/or receiver. In this regard, the reference or 
slicer levels may be adjusted, set and/or controlled during operation of the receiver and/or 
system. The adjustment, setting and/or control of the slicer level(s) for the equalization 
circuitry may be accomplished using an adaptive algorithm maintained in, for example, the 

1 0 receiver. 

In one embodiment, the reference or slicer levels of the data and phase slicers are 
moved, adjusted or changed together such that the reference levels are "ganged". In 
another embodiment, the levels of the data and phase slicers are not "ganged" but may be 
independently moved, adjusted or changed such that a change of the reference level of the 
15 data slicers does not change the reference level of the phase slicers (and vice versa). 

In another embodiment, the circuitry and system of the present invention may 
employ any combination of the aforementioned techniques for detemnining and/or 
employing the slicer level(s). For example, the pre-set or preprogrammed slicer level(s) 
may be fine-tuned to enhance the system performance. In this regard, after (or during) the 
20 performance of an initialization or re-initialization process, the system may implement fine 
adjustments to the slicer level(s). The fine adjustments may be accomplished or 
implemented by the operator, an external device and/or an adaptive circuitry (in, for 
example, the receiver) implementing an adaptive algorithm. Indeed, all techniques for 
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determining the slicer level(s), whether now known or later developed, are intended to be 
within the scope of the present invention. In this way, implennentation of an appropriate, 
optimum and/or enhanced slicer level more rapidly and/or a less complex adaptive 
algorithm may be employed. 

5 As mentioned above, the information which is representative of the slicer level(s) 

may be the actual values of the slicer level(s) or, alternatively, the information may be 
adjustments, modifications and/or changes to be made to the slicer level(s). 

With reference to FIGURE 2, in one aspect, the present invention may be 
implemented in a high-speed digital communication system 10 including transmitter 12 and 

10 receiver 14 (having decision feedback equalization circuitry). Briefly, transmitter 12 is 
connected to receiver 14 via communications channel 16, for example, a backplane. In 
one embodiment, transmitter 12 encodes and transforms a digital representation of the 
data into electrical signals. The transmitter 12 also transmits the signals to receiver 14. 
The received signals, which may be distorted with respect to the signals transmitted into or 

1 5 onto communications channel 1 6 by transmitter 1 2, are processed and decoded by receiver 
14 to reconstruct a digital representation of the transmitted information. 

With reference to FIGURE 2B, communication system 10 typically includes a 
plurality of transmitters and receivers. In this regard, communications system 10 includes a 
plurality of unidirectional transmitter and receiver pairs (transmitter 12a and receiver 14b; 
20 and transmitter 12b and receiver 14a). Transmitter 12a and receiver 14a may be 
incorporated into transceiver 1 8a (in the form of an integrated circuit). Similarly, transmitter 
12b and receiver 14b are incorporated into transceiver 18b. From a system level 
perspective, there are a plurality of such transmitter/receiver pairs in simultaneous 
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operation, for example, four, five, eight or ten transmitter/receiver pairs, connmunicating 
across communications channel 16. Thus, in operation, the transmitter and receiver pairs 
simultaneously transmit data across channel 16. 

In one embodiment, transmitters 12 and receivers 14 employ a binary 
5 communications technique (i.e., pulse amplitude modulated (PAM-2) communications 
technique). Accordingly, each transmitter/receiver pair may operate in the same manner to 
send one bit of data for each symbol transmitted through communications channel 16. 
Although certain aspects of the present invention are described in the context of PAM-2 
signaling techniques, the present invention may utilize other modulation formats that 
10 encode more bits per symbol. Moreover, other communications mechanisms that use 
encoding techniques including, for example, four levels, or use other modulation 
mechanisms may also be used, for example, PAM-5, PAM-8, PAM-16, CAP, and wavelet 
modulation. In this regard, the techniques described herein are in fact applicable to any 
and all modulation schemes, including but not limited to, PAM-2 encoding described herein. 

1 5 With reference to FIGURE 3A, in one embodiment, decision feedback equalization 

circuitry 20 of the present invention includes data slicers 22a and 22b (having outputs 24a 
and 24b, respectively) and logic circuitry 26. The data slicers 22a and 22b receive the 
input data signal from communications channel 16 and, based on the reference or slicer 
levels Vi and V2, respectively, output either a first state (for example, binary high) or a 

20 second state (for example, binary low). In this regard, data slicers 22a and 22b compare 
their slicer levels (Vi and V2) to the input data signal and, if the input data is above their 
slicer levels, the data slicers 22a and 22b output a first state (for example, binary or logic 
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high). However, if the input data is below their slicer levels, the data slicers 22a and 22b 
output a second state (for example, binary or logic low). 

In one embodinnent, data slicers 22a and 22b may each be a high performance 
comparator-amplifier. The high performance comparator-amplifier may comprise one or 

5 more cascaded high performance sense amplifiers. As such, when the input data (from 
communications channel 16) is above the slicer (comparator) levels, the one or more high 
performance sense amplifiers compare (sequentially when data slicers 22a and 22b 
comprise cascaded high performance sense amplifiers) their slicer levels (Vi and V2, 
respectively) to the input data, and output a first state. When, as mentioned above, the 

10 input data applied to data slicers 22a and 22b is below the slicer levels (Vi and V2, 
respectively), the one or more high performance sense amplifiers of data slicers 22a and 
22b output a second state. 

Each output 24a and 24b of data slicers 22a and 22b, respectively, is provided to 
logic circuitry 26. The logic circuitry 26 is employed to determine from the data slicer 
1 5 outputs 24a and 24b whether a given data input is a first state (for example, binary or logic 
high) or second state (binary or logic low). The logic circuitry 26 employs a decision 
feedback technique to determine the state of a given data input sampled by data slicers 
22a and 22b on communications channel 16. 

With reference to FIGURE 3B, in one embodiment, phase detection circuitry 28 of 
20 the present invention may include phase slicers 30a-c (having outputs 32a-c, respectively) 
and logic circuitry 34. The phase slicers 30a-c receive the input data signal from 
communications channel 16 and, based on the reference or slicer levels Vn, V12 and V13, 
respectively, output either a first state (for example, binary high) or a second state (for 
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example, binary low). In this regard, data slicers 30a-c compare the slicer level (Vn, V12 
and V13, respectively) to the input data signal and, if the input data at the phase sampling 
instance is above the respective slicer level, phase slicers 30a-c output a first state (for 
example, binary or logic high). However, if the input data is below the respective slicer 
5 level, phase slicers 30a-c output a second state (for example, binary or logic low). 

In one embodiment, phase slicers 30a-c may each be a high performance 
comparator-amplifier. The high performance comparator-amplifier may comprise one or 
more cascaded high performance sense amplifiers. As such, when the input data (from 
communications channel 16) is above the slicer (comparator) levels, the one or more high 

1 0 performance sense amplifiers compare (sequentially when phase slicers 30a-c comprise 
cascaded high performance sense amplifiers) the slicer level (Vn, V12 and V13, 
respectively) to the input data, and output a first state. When, as mentioned above, the 
input data applied to phase slicers 30a-c is below the slicer level (Vn, V12 and V13, 
respectively), the one or more high performance sense amplifiers of phase slicers 30a-c 

1 5 output a second state. 

With reference to FIGURE 3C, in one embodiment, both input data signal 16 and the 
output of decision feedback equalization circuitry 20 are applied to phase detection circuitry 
28. The phase detection circuitry 28 output (early/late decisions) forms an input to a 
filtering and PLL circuitry 38 that generates the clocks 40 and 42 for decision feedback 
20 circuitry 20 and phase detection circuitry 28 (i.e., phase detection and decision feedback 
equalization circuitry 36). The clocks 40 and 42 provide edges at the symbol rate. Further, 
clocks 40 and 42 are offset from one and other by half of a symbol interval. 
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With reference to FIGURE 4A, in one embodiment, logic circuitry 26 includes logic 
44 and delay circuitry 46. The logic 44 determines whether a delayed version of the 
outputs of the data slicers 22a and 22b (i.e., Xi and X2) indicate the same value for the 
associated analog input data (I.e., "agree"), for example, both samples Xi and X2 indicate a 
5 first state (for example, binary or logic high) or a second state (for example, binary or logic 
low). In those instances where data slicers 22a and 22b "agree" and both indicate a first 
state or a second state, logic 44 outputs the corresponding binary value, Yn. 

However, in those instances where the slicers do not "agree" - that is. where one 
data slicer indicates the input data to be a binary high value and another slicer indicates the 

10 input data to be a binary low value, in one embodiment, the logic 44 outputs the 
complement of the previous binary value (i.e., Yn = complement of (Yn-i)). In this regard, 
delay circuitry 46 provides logic 44 with the state of the previous binary value, Yn-i. The 
logic 44 employs the previous binary value, Yn.i to determine and output the state of the 
current data input. FIGURE 5A illustrates a flowchart of the decision processes of logic 44 

15 in accordance with this embodiment. 

In another embodiment, where logic 44 determines one of the slicers 22a or 22b 
indicates the input data to be a first state (for example, a binary or logic high value) and 
another slicer indicates the analog input data to be a second state (for example, a binary or 
logic low value), logic 44 selects the output from that slicer that has "changed" its output 
20 value from the output value representative of the previous input data. FIGURE 5B 
illustrates a flowchart of the decision processes of logic 44 in accordance with this 
embodiment. 
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In one embodiment, where logic 44 detemiines that slicers 22a and 22b do not 
"agree" (that is, provide differing values for the same analog input data), if the previous 
value of the analog input was determined to be a "high", for example, then logic 44 selects 
or employs the "decision", value or output (for example, Xi or X2) provided with the higher 

5 slicer value or slicer level (Vi or V2) to determine the present or current binary value. In this 
regard, logic 44 selects the output (Xi or X2) of data slicer 22a and 22b having or 
comparing the higher slicer value or slicer level (Vi or V2) as the value for the present or 
current input data. In contrast, where logic 44 detenmines that the previous analog input 
was a binary value "low", logic 44 selects the "decision" or output provided by data slicer 

10 22a and 22b having or comparing the lower slicer value or slicer level (Vi or V2) as the 
value for the present or current input data. FIGURE 5C illustrates an exemplary flowchart 
of the decision processes of logic 44 in accordance with this embodiment. 

In yet another embodiment, logic 44 does not initially determine whether the outputs 
24a and 24b of slicers 22a and 22b, respectively, agree; rather, where the previous value 

1 5 of the analog input was a logic "high", for example, logic 44 selects or employs the 
"decision", value or output (for example, Xi or X2) provided with the higher slicer value or 
slicer level (Vi or V2) to determine the present or current binary value. In this regard, logic 
44 selects the output (Xi or X2) of data slicer 22a and 22b employing or comparing the 
higher slicer value or slicer level (Vi or V2) as the value for the present or current input 

20 data. In contrast, where logic 44 determines that the previous analog input was a binary 
value "low", logic 44 selects the "decision", value or output provided by data slicer 22a and 
22b employing or comparing the lower slicer value or level (Vi or V2) as the value for the 
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present or current input data. FIGURE 5D illustrates an exemplary flowchart of the decision 
processes of logic 44 in accordance with this enfibodiment. 

It should be noted that the clock frequency of the processes or functions performed 
by logic 44 may be reduced by employing the embodiment illustrated in FIGURE 4B. In this 
5 regard, the frequency is reduced by a factor of "z" (for example, 8) by de-serializing each of 
the input values from data slicers 22a and 22b (via de-serlalizer 48). In this embodiment, 
the frequency of the clock may be significantly reduced to, for example, facilitate or simplify 
implementation of the circuitry to perform the operations of logic 44 or facilitate or simplify 
performance or execution of code employed by logic 44 in performing the aforementioned 
1 0 operations or functions. 

It should be further noted that delay circuitry 46 may be one or more D-type 
flip/flop(s). In this regard, the D-type flip/flop(s) may be in the same clock domain as logic 
44. Thus, the D-type flip/flop(s) may be clocked by the same clock employed for logic 44, a 
phase shifted version thereof, a clock having a multiple or fraction frequency of the clock 
15 employed for data slicers 22a and 22b, or a phase shifted version of a clock having a 
multiple or fraction frequency of the clock employed for data slicers 22a and 22b. 

With reference to FIGURES 3B and 4C, in one embodiment, phase logic circuitry 34 
includes logic 50 and delay circuitry 52a-f. The logic 50 uses the data decisions. Yn to Yn-3, 
to detemnine whether one of the delayed versions of the outputs of phase slicers 30a-c (i.e., 
20 Xi 1 , Xi2 and X13) has a "valid" data crossing and whether the "valid" phase sample indicates 
that the sampling instance was acceptable, too early or too late. 

In particular, with continued reference to FIGURES 3B and 4C, each output 32a-c of 
phase slicer 30a-c, respectively, is provided to phase logic circuitry 34. The phase logic 
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circuitry 34 employs the outputs of phase slicer 30a-c to determine whether the sampling 
instances are suitable, too early or too late. The phase logic circuitry 34 employs previous 
data decisions, in conjunction with the outputs of phase slicer outputs 30a-c, to determine if 
the present sample has timing infonnation and, if the present sample includes timing 
5 information, to determine whether the present sample indicates the sampling instance is 
early or late. 

In one embodiment, output 32a-c of phase slicer 30a-c, respectively, with the most 
"positive" reference level, for example, phase slicer 30a and output Xn, is only considered 
valid if the two previous data decisions (Yn-i and Yn.2) were logic state high ('V) and the 
1 0 following data decision (Yn) is a logic state low ('0'). If this condition is met and the sample 
X11 is determined to be of the same state as Yn-i (i.e., a logic high ("1")), then the sampling 
instance is early. However, if this condition is met and the sample Xn is determined to be 
of the same state as Yn (i.e., logic low ('0')), then the sampling instance is late. 

The output 32a-c of phase slicer 30a-c (respectively) employing or comparing the 
1 5 most "negative" reference level, for example, phase slicer 30c and output X13. is considered 
"valid" if the two previous data decisions, Yn.i and Yn-2, were logic state low ('0') and the 
following data decision, Yn, is a logic state high ('1'). If this condition is met and if sample 
Xi3 is determined to be of the same state as Yn.i (i.e., a logic low fO')), then the sampling 
instance is early. However, if this condition is met and the sample X13 is determined to be 
20 of the same state as Yn (i.e., logic high ('1')), then the sampling instance is late. 

Finally, in one embodiment, output 32a-c of phase slicer 30a-c employing or 
comparing the reference level between most positive and most negative reference levels, 
for example, phase slicer 30b and output X12, is considered "valid" if the three previous 
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data decisions, Yn-i, Yn.2. Yn-3, were (i) logic states high, low, high and the data decision 
is a logic state low, or (11) the three previous data decisions, Yn.i, Yn.2, Yn.3, were logic state 
low, high, low and the data decision Yn is a logic state high. If this condition is met and if 
sample X12 is determined to be of the same state as Yn-i, then the sampling instance is 
5 early. However, if this condition is met and if sample X12 is determined to be of the same 
state as Yn, then the sampling instance is late. 

As mentioned above, each data slicer 22a and 22b compares the input data signal 
received on communications channel 16 to a reference or slicer level (Vi and V2) to 
determine or output a binary (or substantially binary) representation of the measured or 

10 received input data at the "data" sampling instances. Similarly, each phase slicer 30a-c 
compares the input data signal received on communications channel 16 to a reference or 
slicer level (Vn, V12 and V13) to determine or output a binary (or substantially binary) 
representation of the measured or received input data at the "phase" or "crossing" sampling 
instances. In one embodiment, the reference or slicer levels (i.e., the values upon which a 

15 comparison is made by data slicers 22a and 22b and phase slicers 30a-c) are 
predetermined based on. for example, user defined data (for example, empirical data of the 
optimum or enhanced operating conditions). The predetermined value(s) or level(s) may 
be pre-programmed or pre-set, for example, by permanently, semi-permanently or 
temporarily (i.e., until re-programmed) storing information which is representative of the 

20 slicer level(s). In this regard, the reference or slicer levels may be, for example, hardwired 
to a particular value or level or, as illustrated in FIGURES 6A and 6B, stored in memory 54 
(for example, an SRAM, DRAM, ROM, PROM or EEPROM or the like) that is permanent, 
semi-permanent, or programmable (for example, programmed before, during or after 
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initialization or power-up via communications channel 16 or operator interface 56). The 
memory 54 may be discrete from receiver 14 (FIGURE 6A) or may reside in memory 54 
that is integrated in or on receiver 14 (FIGURE 6B). 

It should be noted that in one embodiment, information representative of the 
5 reference or slicer level(s) (for example, the actual reference or slicer level(s)) may be 
provided directly to phase detection and decision feedback equalization circuitry 36 via 
communications channel 16 or operator interface 56 (reflected by the dotted 
communication line in FIGURE 6B). In this embodiment, the operator or an external device 
may program or re-program the slicer level(s) of data slicer(s) 22a and/or 22b and/or phase 
1 0 slicers 30a, 30b and/or 30c without first storing (or storing altogether) the reference or slicer 
levels (or information representative thereof) in memory 54. The adjustment or control of 
the reference or slicer level(s) may be before or during normal operation of receiver 14 
and/or system 10. For example, an operator may provide infonmation that is representative 
of the slicer level(s) in order to change, enhance and/or optimize the perfomnance of phase 
1 5 detection and decision feedback equalization circuitry 36 in receiver 14. This information 
may be the actual slicer level(s) or adjustments, modifications and/or changes to be made 
to the slicer level(s) (i.e., relative information). 

It should be further noted that the actual slicer level(s) or adjustments, modifications 
and/or changes to be made to the slicer level(s) may be provided directly to receiver 14 (to 
20 be implemented within phase detection and decision feedback equalization circuitry 36) or 
to a system controller (not illustrated) to distribute to receiver 14 and/or set of receivers 
14a, 14b, 14c, etc. (not illustrated). 
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In another embodiment, the reference or slicer levels (Vi and V2 and/or Vii,Vi2 and 
V13) may be determined using adaptive processes that calculate or determine an 
appropriate, enhanced, optimum and/or superior slicer level based on predetermined 
criteria or criterion. In this regard, the reference or slicer levels may be adjusted, set and/or 

5 controlled during operation of the receiver and/or system in accordance with, for example, 
the response or operational characteristics of system 10, transmitter, 12 and/or receiver 14. 
The adjustment, setting and/or control of the slicer level(s) for decision feedback 
equalization circuitry 20 and phase detection circuitry 28 may be accomplished using an 
adaptive algorithm implemented by adaptive circuitry 58 maintained in, for example, 

10 receiver 14 (see, for example, FIGURES 6C-6F) or external thereto. 

Notably, all adaptive techniques for determining the slicer level(s) (or information 
which is representative thereof), whether now known or later developed, are intended to be 
within the scope of the present invention of the decision feedback equalization circuitry. In 
one embodiment, system 10 and/or receiver 14 adapts the reference or slicer level of one 

1 5 or more data slicers 22a and/or 22b according to the "distance" of the reference or slicer 
level(s) of data slicers 22a and/or 22b to the edges of the receiver "eye". In this regard, 
with reference to FIGURES 6E, 6F and 7, receiver 14 includes margining circuitry 60, 
having one or more margining slicers 62 (for example, one or more cascaded high 
performance comparators or sense amplifiers) to determine the "distance" of the reference 

20 or slicer level(s) of data slicers 22a and/or 22b to the edges of the receiver "eye" by 
measuring and comparing the input data to a margining reference or slicer level (Vmargining) 
that is used by the one or more margining slicers 62. 



Page 23 



In particular, in one embodiment, the margining reference or slicer level is initially set 
at a level which is the same or substantially the same the level (Vi or V2) of data slicer 22a 
or 22b. The margining reference or slicer level may be initially set using any of the 
embodiments described here with respect to data slicers 22a and 22b. 

5 In operation, the reference or slicer level (Vmargming) of margining slicer 62 is adjusted 

or modified (via reference level adjustment circuitry 66) after a preset or predetermined 
number of "decisions", samples or outputs are obtained for a given or known data input 
value or sequence (for example, data transitions from high to low or low to high). The 
digital comparator circuitry 64 compares the predetermined number of "decisions", samples 

1 0 or outputs of margining slicer 62 to those of data slicer 22a or 22b while that slicer 22a or 
22b is employed to measure a given or known data input value or sequence. When a 
preset number of "decisions", samples or outputs have been compared (for example, 128 
samples or decisions), the comparison task is complete for that setting of the reference or 
slicer level of margining slicer 62; and the results analyzed by margining analysis circuitry 

15 68. 

The above margining process continues for different margining reference or slicer 
levels until margining analysis circuitry 68 identifies a given or predetermined number of 
disagreements (for example, ten) between or differences in the samples measured by data 
slicer 22a or 22b and margining slicer 62. Upon detecting the given or predetermined 
20 number of disagreements in the outputs of data slicer 22a or 22b and margining slicer 62, 
margining analysis circuitry 66 determines that the margining reference or slicer level that 
produced the given or predetermined number of disagreements is considered to be at an 
edge of the innermost portion of the receive "eye." 
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For example, in one embodinnent, the margining reference or slicer level (Vmargining) is 
initially set to the same value as the reference or slicer level (V2) of data slicer 22b, which 
may be the "negative" or "lower" data slicer of decision feedback equalization circuitry 20. 
The "decisions", samples or outputs of margining slicer 62 are compared to those of data 
5 slicer 22b for a given or predetermined time period (given or predetermined number of 
samples) when slicer 22b is employed to measure a given or known data input value (for 
example, make a binary high decision) or data sequence (for example, high-to-low or low- 
to-high sequence). When a preset number of decisions have been compared, for example, 
128 decisions, margining analysis circuitry 68 determines whether there are a given or 
10 predetermined number of "disagreements" or differences in the "decisions", samples or 
outputs of ("negative") data slicer 22b and margining slicer 62. 

If the number of difference "decisions", samples or outputs of ("negative") data slicer 
22b and margining slicer 62 did not meet or exceed the predetermined number, reference 
level adjustment circuitry 66 increases the reference or slicer level (Vmargining) of margining 
1 5 slicer 62 (to make the reference or slicer level (Vmargining) above the "negative" data slicer) 
and the sampling, comparing and analysis processes are repeated. 

Once margining analysis circuitry 68 determines or identifies a given or 
predetermined number of "disagreements" or differences in the "decisions", samples or 
outputs of the ("negative") data slicer 22b and margining slicer 62, slicer level (Vmargining) of 
20 margining slicer 62 may be stored since the slicer level (Vmargining) may be edge 70b of 
innermost portion of receive "eye" 70a (see. FIGURE 8A). Moreover, the difference 
between the slicer level of the negative data slicer and innermost "edge" 70b of receive 
"eye" 70a may also be stored. 
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Thereafter, margining slicer 62 may be reset back to the initial reference or sheer 
level and the process performed again with the exception that the reference level is 
"decreased" in order to identify opposing edge 70c of innermost portion of receive "eye" 
70a (see, FIGURE 8A). The difference between the reference or slicer level of the negative 
5 data slicer and (opposing) innermost "edge" 70c of receive "eye" 70a may also be stored. 

In one embodiment, adaptive circuitry 58 employs the information of the "distances" 
(i.e., defined by normalized amplitude, volts or amperes) between the edges of the receive 
eye to adjust, modify and/or control the reference level of data slicers 22a and/or 22b. In 
this regard, in one embodiment, if the magnitudes of the distance from the reference level 
10 of the data slicer to the (innermost portion) edges of the eye differ, then adaptive circuitry 
58 may adjust, modify and/or control the reference level of data slicers 22a and/or 22b to 
eliminate, reduce and/or minimize that difference. 

With reference to FIGURE 8A, in one embodiment, if the magnitude of the distance 
between edge 70b of the innermost portion of receive "eye" 70a is greater than the 
1 5 magnitude of the distance between edge 70c of the innermost portion of receive "eye" 70a 
the reference or slicer levels (Vi and/or V2) of data slicers 22a and/or 22b are adjusted, 
modified and/or controlled, for example, moved "closer" to each other. 

In another embodiment, the reference or slicer level of one of the data slicers (for 
example, "negative" data slicer 22b) level may be "moved" closer to the reference or slicer 
20 level of the other slicer (for example, data slicer 22a), In this regard, the slicer level of a 
selected data slicer (for example, the negative data slicer) is changed, modified or re- 
programmed so that the difference between the slicer levels of data slicers 22a and 22b is 
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less than before adaptation. As such, in this embodiment, the slicer level of the other data 
slicer is not moved from its preset, predetermined, programmed or fixed level. 

Notably, in addition to, or in lieu of, the margining and adaptation processes or 
procedures with respect to the "negative" data slicer (for example, 22b), adaptive circuitry 
5 58 and margining circuitry 60 may employ the "positive" data slicer (for example, 22a), and 
slicer level (Vi) (see, FIGURE 8B). In this embodiment, because the magnitude of the 
"distance" (which is defined in normalized amplitude, volts or amperes) to edge 70b of 
receiver "eye" 70a is greater than the magnitude of the "distance" to edge 70c, then the two 
data slicer levels (Vi and V2) are moved further apart. Moreover, as mentioned above with 

1 0 respect to the "negative" data slicer, where the margining and adaptive procedures suggest 
a modification of the slicer levels, the reference or slicer level (Vi) of the "positive" data 
slicer (i.e. 22a) may be "moved" closer to the "negative" data slicer (i.e., 22b). In this 
regard, the slicer level (Vi) of data slicer 22a is changed, modified or re-programmed so 
that the slicer level (Vi) is closer (which is defined in normalized amplitude, volts or 

1 5 amperes) to the slicer level (V2); and the slicer level (V2) of the "negative" data slicer (i.e., 
22b) is not moved from its preset, predetermined, programmed or fixed level. 

Indeed, in one embodiment, the adaptive techniques may be Implemented using 
both the positive data slicer and the negative data slicer. For example, the margining 
techniques described above may be employed with respect to the positive data slicer and 
20 the negative data slicer, for example, sequentially. The results of the margining procedure 
may be employed for each of the positive and negative data slicers individually (i.e., in a 
mutually exclusive manner), as described above, or may be employed in combination, for 
example, the data slicer levels are only "moved" (i.e., adjusted, modified or controlled) if the 
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margining procedure for both data slicer levels are in "agreement"; that is, both margining 
decisions indicate the data slicer levels for the positive and negative data slicers should be 
moved either closer or further apart. 

Additionally, an adaptive algorithm that uses the above measured distance(s) or the 
5 difference of the above measured distance(s) as the error metric may control the movement 
of the data and/or margining slicers. 

Furthermore, in one embodiment the phase slicer reference levels (Vn, V12 and V13) 
are adapted such that the most positive phase slicer reference level is set to be the same 
or substantially to be the same value as the most positive data slicer level and the most 
1 0 negative phase slicer reference level is set to be the same or substantially to be the same 
value as the most negative data slicer level. The intermediate phase slicer reference level 
may be maintained at a value of zero or adapted to be halfway between the most positive 
and most negative phase slicer reference levels. 

In one embodiment the phase slicer reference levels are adapted or controlled such 
1 5 that most positive phase slicer reference level is set to be proportional to the most positive 
data slicer level and the most negative phase slicer reference level is set, adapted or 
controlled to be proportional to be the same value as the most negative data slicer level. 
The intermediate phase slicer reference level may be maintained at a value of zero or 
adapted to be halfway between the most positive and most negative phase slicer reference 
20 levels. In another embodiment, phase slicer reference levels are adapted such that most 
positive phase slicer reference level is set to maintain a known offset with respect to the 
most positive data slicer level and the most negative phase slicer reference level is set to 
maintain a known offset with respect to the most negative data slicer level. The 
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intermediate phase slicer reference level may be maintained at a value of zero or adapted 
to be halfway between the most positive and most negative phase slicer reference levels. 

It should be noted that, with reference to FIGURE 7, reference level adjustment 
circuitry 66 may be a digitally controlled digital-to-analog converter ("DAC"), for example, a 

5 DAC like that described in "System and Method for Providing Slicer Level Adaptation", 
Application Serial No. 10/222,073, the contents of which are incorporated by reference 
herein. The DAC may be controlled by a processor and/or a state machine that, in 
conjunction with the reference level adjustment circuitry 66, implements the desired 
reference level adjustment "algorithm", for example, the margining processes described 

10 above. 

The digital comparator logic 64 may be, for example, a processor (that is 
appropriately programmed), a state machine, or an XOR gate that receives the outputs of 
the slicers and determines whether the outputs are the same or different. The comparator 
logic may also include multiplexers to control or route the appropriate or desired slicer 
1 5 output(s) for comparison with the output of margining slicer 62. 

The margining analysis circuitry 68 may be, for example, a processor (that is 
appropriately programmed), a state machine or a counter that determines whether the 
number of differences between the outputs of the slices exceeds a given or predetermined 
number Where the margining analysis circuitry 68 is a counter, the counter may be 
20 designed to reset after the predetermined number of samples as well as set a flag or issue 
a command if the difference count exceeds a given or predetermined number. 

Notably, more than one margining slicer 62 may be employed in the margining 
process in order to, for example, accelerate the adaptation process. Moreover, digital 
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comparator circuitry 64, reference level adjustment circuitry 66 and/or margining analysis 
circuitry 68 may be adapted to accommodate the plurality of margining slicers 62. That is, 
digital comparator circuitry 64, reference level adjustment circuitry 66 and/or margining 
analysis circuitry 68 may include circuitry to determine margining data regarding positive 
5 and negative data slicers, for example, sequentially or in parallel. 

The "movement" of margining slicer62 (i.e., modification, adjustment and/or control 
of the margining sheer levels by reference level adjustment circuitry 66) may be 
monotonically increasing or decreasing, as described above, a binary search, or other 
numerical algorithm for determining or dictating the "movement", adjustment or control of 

10 margining slicer62 (i.e., the change or modification of the slicer level (for example, in volts 
or amperes) of the margining slicer) to facilitate collection of system margin information. 
Indeed, all techniques, sequences and/or algorithms for adjusting or controlling margining 
slicer 62 (i.e., the amount of change or modification of the slicer level of the margining 
slicer), whether now known or later developed, are considered to be within the present 

15 invention. 

As mentioned above, there are many margining techniques for acquiring infomnation 
regarding the characteristics, performance and/or operation of system 10, transmitter 12, 
and/or receiver 14. All techniques, criteria, processes, algorithms and/or procedures for 
implementing the margining procedure, control or sequence of the input data, and/or for 
20 movement, adjustment or control of the margining slicers. whether now known or later 
developed, are considered to be within the present invention. For example, the margining 
procedures may include obtaining performance or operational information regarding phase 
sampling data that is employed by the adaptive circuitry 38 to control, optimize, enhance 
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and/or change the slicer levels (Vi and/or V2) of data slicers 22a and/or 22b and/or change 
the slicer levels (Vi 1 and/or V12 and/or V13) of the phase slicers 30a and/or 30b and/or 30c 
or other circuitry in receiver 14. In this regard, margining slicer 62 may be employed to 
determine an optimum, enhanced and/or suitable point or moment of sampling of the phase 
5 data, used for timing or clock recovery related information. 

In particular, with reference to FIGURE 8C, after the reference or slicer level 
(Vmargining) of margining slicer 62 is set to the reference or slicer level of the "negative" data 
slicer, margining slicer 62 samples the input for those specific data patterns when the input 
signal is expected to be crossing the reference or slicer level. If margining slicer 62 

10 provides a positive sample as determined by the digital comparator circuitry 64 and/or 
margining analysis circuitry 68, then the phase sampling point may be too early. If, 
however, the sample is negative, then the phase sampling point may be too late. Using 
this information, margining analysis circuitry 68 may adjust the data sampling point (by 
adjusting the reference or slicer level) to thereby provide a more enhanced, optimum and/or 

15 different timing or clock recovery sampling point. In this regard, the data sampling point 
and the phase sampling point may be "ganged" so that adjusting or moving either sampling 
point adjusts or moves the other sampling point - while maintaining the typical one-half 
symbol period between the data and phase sampling points. For example, by adjusting the 
phase sampling point to more fully coincide with the crossing the reference or slicer level, 

20 the data sampling point is adjusted accordingly as the typical one-half symbol period 
between the data and phase sampling points is maintained. 



The technique described immediately above may also be employed relative to the 
"positive" data slicer (see, FIGURE 8D), "negative" data slicer (see, FIGURE 8C), or both. 
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In this regard, the reference or slicer level (Vmargining) of margining slicer 62 is set to the 
reference or slicer level of the "positive" data slicer, and margining slicer 62 samples the 
input when the input signal is expected to be crossing the reference or slicer level. The 
technique is essentially the same as described above and, for the sake of brevity, that 
5 discussion will not be repeated. 

In one embodiment, the adaptive techniques of adjusting the data and phase 
sampling points in a ganged manner may be implemented using both the positive data 
slicer and the negative data slicer. For example, the margining techniques described 
above may be employed with respect to the positive data slicer and the negative data 

10 slicer, for example, sequentially or in parallel. The results of the margining procedure may 
be employed for each of the positive and negative data slicers individually (i.e., in a 
mutually exclusive manner), as described above, or may be employed in combination, for 
example, in those Instances where "movement" (i.e., adjusted, modified or controlled) of the 
data slicer levels are in "agreement"; that is, both margining decisions indicate the data 

15 slicer levels for the positive and negative data slicers should be moved either closer or 
further apart. 

Thus, as mentioned above, there are many adaptive techniques for setting, 
controlling, optimizing, enhancing and/or changing the slicer levels (Vi and/or V2) of data 
slicers 22a and/or 22b and slicer levels (Vn, V12 and/or V13) of phase slicers 30a, 30b 
20 and/or 30c. All adaptive techniques, processes, algorithms and/or procedures for (directly 
or indirectly) setting, controlling, optimizing, enhancing and/or changing the slicer levels (Vi, 
V2, V11, V12 and/or V13), and/or (directly or indirectly) controlling, optimizing, enhancing 
and/or changing the performance of data slicers 22a and/or 22b and/or phase slicers 30a, 
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30b and/or 30c, whether now known or later developed, are considered to be within the 
present invention. 

Indeed, in one set of embodiments of indirectly controlling, optimizing, enhancing 
and/or changing the performance of data slicers 22a and/or 22b, rather than directly 

5 adjusting reference or slicer levels (Vi and/or V2), the bandwidth of receiver 14 may be 
adaptively decreased or increased until a desired or predetermined set of data slicer 
reference levels (Vi and V2) provide equal "distances" from, for example, a common 
voltage, using, for example, the aforementioned process for measuring the distance from 
the data slicers. In this regard, where the aforementioned margining technique is employed 

10 and the result indicates that moving the data slicer levels closer together may provide a 
optimized, enhanced and/or different response, the bandwidth of receiver 14 may be 
modified, controlled and/or changed (for example, reduced). In contrast, where the 
aforementioned margining technique is employed and the result indicates that moving the 
data slicer levels farther apart may provide a optimized, enhanced and/or different 

1 5 response, the bandwidth of receiver 1 4 may again be modified, controlled and/or changed 
(for example, increased). In this set of embodiments, the receiver bandwidth is modified, 
controlled and/or changed to optimize, enhance and/or change the response of data slicers 
22a and 22b and thereby enhance the recovery by receiver 14 of the transmitted data. 

It should be noted that a combination of moving the data slicer levels (Vi and V2) of 
20 data slicers 22a and 22b, in conjunction with changing the bandwidth of receiver 14, may 
also be employed to enhance the recovery by receiver 14 of the transmitted data. Indeed, 
as mentioned above, all adaptive techniques, processes, algorithms and/or procedures for 
setting, controlling, optimizing, enhancing and/or changing the slicer levels (Vi and/or V2), 
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and/or controlling, optimizing, enliancing and/or changing the performance of data slicers 
22a and/or 22b, whether now known or later developed, are considered to be within the 
present invention. 

Thus, the decision feedback equalization circuitry of the present invention employs a 
5 plurality of data slicers (for example, two) to receive an analog input and responsively 
output a binary value based on the reference or slicer level. These data slicers employ 
slicer levels that may be fixed, pre-programmed, predetermined, preset, changed, modified, 
optimized, enhanced and/or programmed or re-programmed (for example, adaptively) 
before or during operation of the decision feedback equalization circuitry. 

1 0 The output of the data slicers is provided to logic circuitry to determine whether the 

analog input was a first state (binary or logic high) or a second state (binary or logic low). 
In those instances where the data slicers "agree" and both indicate either a high or a low, 
the logic circuitry outputs the corresponding binary or logic value. In those instances where 
the data slicers do not "agree" - that is, where one data slicer indicates the data to be a 

1 5 binary or logic high value and another data slicer indicates the data to be a binary or logic 
low value, in one embodiment, the logic circuitry outputs the complement of the previous 
binary value. In another embodiment, the logic circuitry selects the output from the slicer 
that changed the state of its output relative to the state of the output from the previous 
sample or symbol. In yet another embodiment, the logic circuitry selects the output of the 

20 decision of the slicer with higher slicer value if the previous state or logic value was "high"; 
and selects the output of the decision of the slicer with lower slicer value if the previous 
state or logic value was "low". 
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There are many inventions described and illustrated herein. While certain 
embodiments, features, materials, configurations, attributes and advantages of the 
inventions have been described and illustrated, it should be understood that many other, as 
well as different and/or similar embodiments, features, materials, configurations, attributes, 
5 stmctures and advantages of the present inventions that are apparent from the description, 
illustration and claims. As such, the embodiments, features, materials, configurations, 
attributes, stmctures and advantages of the inventions described and illustrated herein are 
not exhaustive and it should be understood that such other, similar, as well as different, 
embodiments, features, materials, configurations, attributes, structures and advantages of 
10 the present inventions are within the scope of the present invention. 

For example, while the present invention has been described in detail with respect to 
the illustrative and exemplary embodiments including two data slicers 22a and 22b to 
compensate for inter-symbol interference from one previous transmitted data in a particular 
decision feedback equalization topology or configuration (see, FIGURE 3A), more than two 

1 5 data slicers may be employed to compensate for inter-symbol interference from more than 
just one previous data bit (see, for example, FIGURES 9A and 9B) and other decision 
feedback equalization configurations or topologies (see, for example, FIGURE 10) may be 
employed in accordance with the present invention. Indeed, all of the embodiments 
described above (for example, the embodiments regarding setting, programming, 

20 controlling, modifying and/or changing the reference or slicer level of the data slicers) may 
be implemented in conjunction with more than two data slicers and other decision feedback 
equalization configurations or topologies. For the sake of brevity, those discussions will not 
be repeated. 
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Similarly, while the present invention has been described in detail with respect to the 
illustrative and exemplary embodiments including three phase slicers 30a-c for phase 
detection circuitry 28 in a particular topology or configuration (see, FIGURE 3B), more than 
three phase slicers may be employed to measure the crossings of more trajectories and 

5 other phase detector configurations or topologies may be employed in accordance with the 
present invention. Indeed, all of the embodiments described above (for example, the 
embodiments regarding setting, programming, controlling, modifying and/or changing the 
reference or slicer level of the phase slicers) may be implemented in conjunction with more 
than three phase slicers and other phase detector configurations or topologies. For the 

10 sake of brevity, a discussion of those embodiments will not be repeated. 

In addition, the data and/or phase slicers of the present invention may be 
implemented, designed and/or configured to employ differential inputs. As such, each data 
and/or phase slicer would include two inputs and the high performance sense amplifier(s) 
would employ those inputs to determine the logic state (for example, logic high or logic low) 

15 of the input data. Again, all of the embodiments described above (for example, the 
embodiments regarding setting, programming, controlling, modifying and/or changing the 
reference or slicer level of the data and/or phase slicers) may be implemented in 
conjunction with data and/or phase slicers employing differential inputs, including, for 
example, the embodiments including more than two data slicers (or three phase slicers) 

20 and other decision feedback equalization (and/or phase detector) configurations/topologies 
discussed immediately above. For the sake of brevity, the discussions will not be repeated. 

Moreover, all permutations of setting, programming, controlling, modifying and/or 
changing the reference or slicer level of the data and/or phase slicers may be employed in 
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the present invention. As mentioned above, the reference or sheer levels (or information 
representative thereof) may, for example, be stored, externally supplied (for example, via 
an operator or via a device or system), and/or adaptively determined, adjusted or controlled 
(see, for example, FIGURES 1 1 A-1 1 E). Notably, all adaptive techniques for determining, 
5 calculating, setting, and/or re-setting the slicer level(s), whether now known or later 
developed, are intended to be within the scope of the present invention. 

In addition, all permutations of setting, programming, controlling, modifying and/or 
changing the reference or slicer level of the phase slicers may be employed in the present 
invention, including those described with respect to the data slicers. As such, the reference 

10 or slicer levels (or information representative thereof) of the phase slicers may, for example, 
be stored, externally supplied (for example, via an operator or via a device or system), 
and/or adaptively determined, adjusted or controlled. Notably, all adaptive techniques for 
determining, calculating, setting, and/or re-setting the slicer level(s) of the phase slicers, 
whether now known or later developed, are intended to be within the scope of the present 

15 invention. 

It should be noted that the present invention may be implement in conjunction with 
other equalization techniques and circuitry. For example, the circuitry and techniques 
described in U.S. Patent Application Serial No. 10/269,446 may be employed in the 
transmitter of the communications system and the circuitry and techniques of the present 
20 invention may be employed in an associated or corresponding receiver. In this way, the 
system employs both transmitter and receiver based equalization techniques and data 
communications may be highly optimized and/or enhanced. The contents of U.S. Patent 
Application Serial No. 10/269,446 are incorporated herein by reference. 



Page 37 



It should be further noted that the embodiments described herein may be 
implemented (in whole or in part) as logical operations performed by programmable 
processing devices (for example, microprocessors and/or state machine circuitry) and/or 
interconnected discrete electronic components or hardware logic. The logical operations 
5 of, for example, delay circuitry 46 and 52, logic circuitry 26 and 34, logic 44 and 50, digital 
comparator circuitry 64 and margining analysis circuitry 68, may be implemented (1 ) as a 
sequence of computer implemented processes or program modules executed on a 
computing system and/or (2) as interconnected discrete electronic components or hardware 
logic - alone, in conjunction with, or within a computing system. Accordingly, the 

1 0 operations of, for example, delay circuitry 46 and 52, logic circuitry 26 and 34, and/or logic 
44 and 50, may be implemented as discrete electronic components or hardware logic - 
alone, in conjunction with, or within a computing system that performs executable 
instructions, such as program modules, executed by one or more computers or other 
devices. Generally, program modules include routines, programs, objects, components, 

15 data structures, etc. that perform particular tasks or implement particular abstract data 
types. Typically the functionality of the program modules may be combined or distributed. 
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